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Abstract 

We present a superconducting tunnel junction circuit which behaves as a controllable atom, and 
whose ground and first excited state form an effective spin 1/2. By applying microwave pulses, we 
have performed on this circuit experiments demonstrating the controlled manipulation of the spin : 
Rabi precession, Ramsey interferences, and spin echoes. 

The state variables of an electrical circuit, like voltages and currents can be made to behave quantum 
mechanically by minimizing the coupling to external degrees of freedom through a proper design. Circuits 
based on superconducting tunnel junctions have displayed signatures of macroscopic quantum behavior 
0, |, |, |, |, |, 0, but the level of coher ence of the quantum states remained until now much smaller 
than for isolated atoms or ions. In the "quantronium" circuit presented here, a coherence quality factor 
of more than 10^ has been obtained, thus allowing the coherent manipulation of the state of the system 
like in atomic physics and NMR experiments |Q. 

The quantronium consists of a superconducting loop interrupted by two adjacent small Josephson 
tunnel junctions with capacitance Cj/2 and Josephson energy Ej /2 each, which define a low capacitance 
superconducting electrode called the "island" , and by a large Josephson junction with large Josephson 
energy (i?jo ~ 20Ej) (see Fig. 1). The island is biased by a voltage source U through a gate capacitance 
Cg. In addition to Ej, the quantronium has a second energy scale which is the Cooper pair Coulomb 
energy Ecp — (2e)^/2(Cg + Cj). The temperature T and the superconducting gap A satisfy fc^T <C 
A/ InTV and Ecp < A — fc^TlnTV, where M is the total number of paired electrons in the island. The 
number of excess electrons is then even |p, |l^, and the system has discrete quantum states which are 
in general quantum superpositions of several charge states with different number N of excess Cooper 
pairs in the island. Neglecting the loop inductance and the charging energy of the large junction, the 
Hamiltonian of the circuit is 

H = Ecp (iV - NgY - Ej cos(^^) cos^ - Ejo cos 7 - h ^0 1 , (1) 

where Ng — CgU/2e is the dimensionless gate charge, (j) = ^ / ipo is a phase bias, with <i> the external flux 
imposed through the loop and ipQ ~ h/2e, 7 is the phase across the large junction, and 9 is the phase 
operator conjugate to the Cooper pair number N. The bias current /{, is zero except during readout of 
the state 0. 

In our experiment Ej ~ Ecp and neither N nor is a good quantum number. In contrast, the large 
junction is shunted by a large capacitor C so that 7 is almost a classical variable. In this regime, the 
energy spectrum is sufficiently anharmonic for the two lowest energy states |0) and |1) to form a two-level 
system. This system corresponds to an effective spin one-half s with eigenstates |0) = js^ = +1/2) and 
|1) = \sz = -1/2). At Ng = 1/2, lb ^ and </) = 0, its "Zeeman energy" hvoi, of the order of Ej, 
is stationary with respect to Ng, and cf) making the system immune to first order fluctuations 
of the control parameters. Manipulation of the quantum state is thus performed at this optimal point 
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Figure 1: Left : Idealized circuit diagram of the "quantronium" , a quantum coherent circuit with its 
tuning, preparation and readout blocks. The circuit consists of an island (black node) delimited by two 
small Josephson junctions (crossed boxes) in a superconducting loop. The loop also includes a third, 
much larger Josephson junction shunted by a capacitance C . The Josephson energies of the island and of 
the large junction are Ej and Ejq. The Cooper pair number in the island N and the phases 5 and 7 are 
the degrees of freedom of the circuit. A dc voltage U applied to the gate capacitance Cg and a dc current 
Iff, applied to a coil producing a flux $ in the circuit loop tune the quantum energy levels. Microwave 
pulses u{t) applied to the gate prepare arbitrary quantum states of the circuit. The states are readout by 
applying a current pulse Ib{t) to the large junction and by monitoring the voltage V(t) across it. Right: 
Scanning electron micrograph of a sample. 

by applying microwave pulses u{t) with frequency v ~ vm to the gate, and any superposition |^'} = 
a |0) + /3 |1) can be prepared, starting from |0). In a frame rotating around the quantization axis z at 
frequency the microwave voltage acts on s as an effective dc magnetic field in the x z plane, with x and 
z components proportional to the microwave amplitude and to the detuning Ai^ — v — z/qi , respectively. 

For readout, we have implemented a strategy reminiscent of the Stern and Gerlach experiment p2| , in 
which the information about the spin of silver atoms is transferred onto their transverse position. In our 
experiment, the information on s is transferred onto the phase 7, and the two states are discriminated 
through the supercurrent in the loop (^/^ = (^dH /dS\/ipo, where (5 = 7 + ^ is the phase difference across 

the series combination of the two small junctions |l5|. For this purpose, a trapezoidal readout 

pulse Ib(t) with a peak value slightly below the critical current Iq = Ejq/lpq is applied to the circuit (see 
Fig. 2). ^ 

When starting from (6) ~ 0, the phases (7) and {S) grow during the current pulse, and consequently 
an s-dependent supercurrent develops in the loop. The loop current is the analog of the transverse 
acceleration experienced by a silver atom in the magnetic field gradient. This current adds to the bias- 
current in the large junction, and by precisely adjusting the amplitude and duration of the Ib{t) pulse, 
the large junction switches during the pulse to a finite voltage state with a large probability pi for state 
1) and with a small probability po for state |0) [Q. A switching event corresponds to the impact of 
a silver atom on the top spot of the screen. The absence of switching corresponds to the impact of a 
silver atom on the bottom spot of the screen. For the parameters of the experiment, the efficiency of 
this projective measurement should he rj = pi — pq = 0.95 for optimmn readout conditions. Large ratios 
Ejq/Ej and C/Cj provide further protection from the environment. 

An actual "quantronium" sample is shown on the right side of Fig. 1. It was fabricated with standard 
technique of aluminum evaporation through a shadow-mask obtained by e-beam lithography. With an 
external microwave capacitor C — 1 pF, the plasma frequency of the large junction with Iq = 0.77 fiA 
is Wp/27r ~ 8 GHz. The sample and last filtering stage were anchored to the mixing chamber of a 
dilution refrigerator with 15 mK base temperature. The switching of the large junction to the voltage 
state is detected by measuring the voltage across it with a room temperature preamplifier followed by 
a discriminator with a threshold voltage Vth well above the noise level (Fig. 2). By repeating the 




Figure 2: Signals involved in quantum state manipulations and measurement of the "quantronium" . Top: 
microwave voltage pulses are applied to the gate for state manipulation. Middle: a readout current pulse 
Ib{t) with amplitude Ip is applied to the large junction td after the last microwave pulse. Bottom: voltage 
V(t) across the junction. The occurence of a pulse depends on the occupation probabilities of the energy 
eigenstates. A discriminator with threshold Vth converts V{t) into a boolean 0/1 output for statistical 
analysis. 

experiment (typically a few 10** times), we can determine the switching probability, and hence, the 
occupation probabilities \af and 

The readout part of the circuit was tested by measuring the switching probability p as a function of the 
pulse height /p, for a current pulse duration of = 100 ns, at thermal equilibrium . The discrimination 
between the currents corresponding to the |0) and |1) states was found to have an efficiency of r? = 0.6, 
which is lower than the expected r] = 0.95. Measurements of the switching probability as a function of 
temperature and repetition rate indicate that the discrepancy between the theoretical and experimental 
readout efficiency could be due to an incomplete thermalization of our last filtering stage in the bias 
current line. 

Spectroscopic measurements of z/qi were performed by applying to the gate a weak continuous mi- 
crowave irradiation suppressed just before the readout current pulse. The variations of the switching 
probability as a function of the irradiation frequency display a resonance whose center frequency evolves 
as a function of the dc gate voltage and flux as the Hamiltonian (1) predicts, reaching vqi ~ 16.5 GHz 
at the optimal working point (see Fig. 3). The small discrepancy between theoretical and experimen- 
tal values of the transition frequency at nonzero magnetic flux is attributed to flux penetration in the 
small junctions not taken into account in the model. We have used these spectroscopic data to precisely 
determine the relevant circuit parameters and found ia ~ 18.1 nA and Ej/Ecp — 1.27. The linewidth 
Az^oi is given in the bottom panels in Fig. 3 as a function of and Ng. At the optimal working point, 
the linewidth was found to be minimal with a 0.8 MHz full width at half-maximum, corresponding to a 
quality factor Q = 2x 10^. The lineshape was found to be irreproducible, probably because of slight shifts 
of the resonance frequency during the measurement, related to low frequency charge or noise on the phase 
S. If one considers the narrowest lines recorded, the linewidth varies linearly when departing from the 
optimal point {Ng = 1/2, = 0, /b = 0), the proportionality coefficients being dAi/Qi/dNg ~ 250 MHz 
and 9Ai/oi/a((?!)/27r) ~ 430 MHz. These values can be translated into RMS deviations ANg = 0.004 
and A((5/27r) = 0.002 during the time needed to record the resonance. The residual linewidth at the 
optimal working point can be explained by the second order contribution of these noises. The amplitude 
of the charge noise is in agreement with measurements of 1// charge noise |l^, and its effect could be 
minimized by increasing the Ej/Ec ratio. By contrast, the amplitude of the phase noise corresponds to 
a large flux noise ||l^, but it could be also attributed to bias current noise. 

When varying the delay between the end of a resonant irradiation and the measurement pulse at the 
optimal working point, the switching probability decays with a time constant Ti = 1.8 /iS (see Fig. 4). 
Supposing that the energy relaxation of the system is only due to the bias circuitry, a calculation along 
the lines of Ref. predicts that Ti ^ 10 fis for a crude discrete element model. This result shows that 
no detrimental sources of dissipation have been seriously overlooked in our circuit design. 

We have then performed controlled rotations of s with large amplitude microwave pulses. Prior to 
readout, a single pulse at the transition frequency with variable amplitude U^^w and duration r was 




Figure 3: Left: Measured center frequency vqi (top panels, symbols) and full width at half maximum 
Afoi (bottom panels, symbols) of the resonance as a function of reduced gate charge Ng for reduced 
flux (j) — (right panels), and as a function of (f> for Ng = 0.5 (left panels), at 15 mK. Spectroscopy is 
performed by measuring the switching probability p when a continuous microwave irradiation of variable 
frequency is applied to the gate before readout {td < 100 ns). Continuous lines in top panels: theo- 
retical best fit (see text). Dotted lines in bottom panels correspond to dAv^i/dNg ~ 250 MHz and 
c?Ai'oi/9(0/27r) ~ 430 MHz. They give a lower bound to the measured Aj/qi. Right: Lineshape measured 
at the optimal working point </) = and Ng = 0.5 (dots). Lorentzian fit with a FWHM = 0.8 MHz 

and a center frequency vqi = 16463.5 MHz (solid line). 




Figure 4: Decay of the switching probability as a function of the delay time td after a continuous excitation 
at the center frequency of the resonance line. The solid line is an exponential fit (vertically offset by the 
signal measured without microwave applied to the gate), from which the relaxation time Ti = 1.8 /iS is 
obtained. 
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Figure 5: Left: Rabi oscillations of the switching probability p (5 x 10'' events) measured just after a 
resonant microwave pulse of duration r. Data taken at 15 mK for nominal pulse amplitudes U^w = 122, 
87, 61, and 43 fxV (dots, from top to bottom). The Rabi frequency is extracted from sinusoidal fits 
(continuous lines). Right: the Rabi frequency (dots) varies linearly with U^w, as expected. The four 
points labelled a to d correspond to the curves on the left. 

applied. The resulting change in switching probability is an oscillatory function of the product Up,wT 
(see Fig. 5), in agreement with the theory of Rabi oscillations |]l8j. It provides direct evidence that the 
resonance indeed corresponds to an effective spin rather than to a spurious harmonic oscillator resonance 
in the circuit. The proportionality ratio between the Rabi period and U^wT was used to calibrate 
microwave pulses for the application of controlled rotations of s. 

The measurement of the coherence time of s during free evolution was obtained by performing a 
Ramsey- fringes-like experiment One applies on the gate two phase coherent microwave pulses 

corresponding each to a 7r/2 rotation around x ||2l[| and separated by a delay At during which the spin 
precesses freely around z. For a given detuning of the microwave frequency, the switching probability 
displays decaying oscillations of frequency Aj/ (see Fig. 6), which correspond to the "beating" of the spin 
precession with the external microwave field. The envelope of the oscillations yields the coherence time 
Tip ~ 0.5 IIS. Given the transition period l/voi ~ 60 ps, this means that s can perform on average 8000 
coherent free precession turns. 

When the circuit is biased away from the optimal point, the coherence time T^p of the oscillation is 
strongly reduced, as shown in the top panel of Fig. 7 for iV^ = 1/2-1- 0.02, cj) = 0. In order to determine 
the contribution to dephasing of low frequency charge noise, we have performed spin echo experiments: 
an intermediate tt pulse is inserted between the two n/2 pulses of the Ramsey sequence (see Fig. 7, right 
side). The effect of the n pulse is to make the phases accumulated during the two free evolution time 
intervals ti and t2 to subtract one from the other (see Fig. 7). By symmetry, when ti = t2, the total phase 
accumulated is independent of Av if Av is constant over the complete sequence. Compared to the Ramsey 
fringes experiment, where coherence during At is revealed by the periodic evolution of (cos [27rAi/At]) , 
the echo signal varies as (1 — (cos [27rAj/(t2 — ii)]))/2 and is therefore less sensitive to fluctuations of Ap 
from sequence to sequence when ti t2. In the experiment, we have recorded the switching probability 
at fixed values of At, as a function of the delay ti (left panels of Fig. 7). Up to At ~ 1 fj,s, fringes 
emerge around ti = ^2 = (At — r)/2 (here, r ~ 15 ns), indicating that during pulse sequences of this 
duration, coherence was at least partly conserved. As expected, the period of the oscillations is twice as 
short in the echo experiment than in the Ramsey experiment. The observation of spin echoes at time 
scales much larger than the decay time of the Ramsey fringes indicates that in this situation decoherence 
was essentially due to charge fluctuations at frequencies lower than 1/At w 1 MHz. No echo was seen in 
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Figure 6: Ramsey fringes of the switching probabihty p after two tt/2 microwave pulses separated by At. 
Dots: data at 15 mK. The total acquisition time was 5 mn. Continuous grey line: fit by exponentially 
damped sinusoid with frequency 20.6 MHz, equal to the detuning frequency Ah', and decay time constant 
Tip — 0.5 /iS. 

experiments performed at (f> ^ 0, suggesting that the relevant phase noise was at higher frequencies. 

In all our time domain experiments, the oscillation period of the switching probability closely agrees 
with theory, meaning a precise control of the preparation of sand of its evolution. However, the amplitude 
of the oscillations is smaller than expected by a factor of three to four. This loss of contrast is likely to 
be due to a relaxation of the level population during the measurement itself. In principle the current 
pulse, whose rise time is 50 ns, is sufficiently adiabatic not to induce transitions directly between the two 
levels. Nevertheless, it is possible that the readout or even the preparation pulses excite resonances in 
the bias circuitry which in turn could induce transitions in our two-level manifold. Experiments using 
better shaped readout pulses and a bias circuitry with better controlled high-frequency impedance are 
needed to clarify this point. 

In conclusion we have designed and operated a superconducting tunnel junction circuit which behaves 
as a tunable two- level atom that can be decoupled from its environment. When the readout is off, the 
coherence of this "quantronium" atom is of sufficient quality {Q^p — 2.5 x 10^) that an arbitrary quantum 
evolution can be programmed with a series of microwaves pulses. Coupling several of these circuits 
can be achieved using on-chip capacitors. The ability to tune and address them individually would 
allow to produce entangled states and probe their quantum correlations. These fundamental physics 
experiments could lead to the realization of quantum logic gates, an important step towards the practical 
implementation of solid-state quantum processors [p2[ . 
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